U nderstanding the eff ects of agricultural management on C storage in soils has been the focus of much research. Crop management factors, such as tillage intensity (Sainju et al., 2007) , fertilizer applications (Lueken et al., 1962) , total residue C inputs (Buyanovsky and Wagner, 1997) , and the duration of residue management (Rasmussen and Parton, 1994) , have been shown to infl uence the retention of aboveground residue C inputs in soil. Crop management can also impact belowground crop C inputs, e.g., root biomass, sloughed cells, mucilages, and exudates. For example, Allmaras et al. (2004) found that tillage increased both rhizodeposition and the fraction of soil organic C retained from root biomass and rhizodeposition in maize systems. Research on the eff ects of crop management systems, e.g., conventional vs. alternative systems, on SOM accumulation and dynamics has become imperative for the sustainability of agroecosystems (Mäder et al., 2002; Pimentel et al., 2005) . Drinkwater et al. (1998) compared the C and N budgets of a conventionally managed maize-soybean [Glycine max (L.) Merr.] system (fertilizer N only) vs. systems that received only manure N, legume N, or both, and found that quantitative diff erences in C inputs and the N balance across the distinct agroecosystems did not account for the observed diff erences in soil C and N among the systems. A better mechanistic understanding of the interactions between crop management and SOM dynamics is necessary to optimize tradeoff s between SOM accumulation and loss and to promote long-term strategies to maximize C storage in agroecosystems. We investigated the fate and rate of stabilization of root vs. residue C and the role of soil aggregates in root-vs. residue-derived C accumulation within long-term conventional (mineral fertilizer), low-input (mineral fertilizer and cover crop), and organic (manure and cover crop) cropping systems. Both hairy vetch (Vicia dasycarpa Ten.) roots and residue were 13 C labeled in situ and then traced into whole-soil samples and three soil organic matter (SOM) fractions (coarse particulate organic matter [CPOM, >250 μm], microaggregates [53-250 μm], and silt and clay [<53 μm]). At the end of the maize (Zea mays L.) growing season, ?52% of the root-derived C was still present in the soil, while only ?4% of residue-derived C remained. Th ese results suggest that root C contributes more to overall C stabilization than residue C, which supports a nascent body of research demonstrating greater retention of root-derived than residue-derived C in SOM. Th e ratio of root-to residue-derived C (an indicator of relative root contribution) was higher in the microaggregates and silt-and-clay fractions than the CPOM of lowinput and conventional systems. In contrast, relative root contribution was greater in the whole soil of the organic (6.76) than the conventional (1.43) and low-input cropping systems (3.24), and particularly greater in the CPOM of the organic system (7.53). Th is trend mirrored long-term soil C stocks across the cropping systems, i.e., organic > low input = conventional, and suggests that the CPOM fraction is pivotal to short-term accumulation of rootderived C and, ultimately, to long-term C sequestration under organic crop management.
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Th e stabilization of SOM is possible via several mechanisms, including physical protection within soil aggregates (Elliott, 1986; Oades, 1988) . Tisdall and Oades (1982) and others have shown that soil aggregate dynamics strongly infl uence soil C sequestration and SOM cycling ( Jastrow, 1996; Six et al., 1998) . Th e incorporation of C into aggregates, especially microaggregates, is an important mechanism for C sequestration in the long term (Skjemstad et al., 1990; Six et al., 2000) . Furthermore, Denef et al. (2004) showed that microaggregates within macroaggregates could explain almost the entire diff erence in soil organic C (SOC) between no-till and conventional tillage systems. More recently, Kong et al. (2005) identifi ed microaggregates within macroaggregates as an ideal diagnostic factor for longterm SOC sequestration.
Earlier studies have illuminated that roots have a relatively greater infl uence than shoots on soil C pools and have attributed the greater retention of root-derived C partly to physical protection within soil aggregates (e.g., Gale et al., 2000; Puget and Drinkwater, 2001; Wander and Yang, 2000) . In legumebased systems, Puget and Drinkwater (2001) suggested that the greater proportion of root-derived C associated with occluded particulate organic matter (POM) and silt and clay indicates a greater persistence of root C in soil. Gale et al. (2000) showed that root-derived intraaggregate POM was more important than residue-derived C in the stabilization of small macroaggregates under no-till soil conditions. Furthermore, Wander and Yang (2000) found that root-derived materials are more rapidly occluded by aggregates than aboveground materials in no-till and moldboard-plowed soils. Although these studies suggest that root and rhizodeposition C are a substantial source of SOC, evaluating root-derived C dynamics in situ has proven to be challenging (Balesdent and Balabane, 1996) . In comparison to the large body of literature on aboveground residue decomposition and its contribution to SOM, there is still a paucity of studies addressing the role of belowground C in SOM-C accrual (Denef and Six, 2006) . Consequently, defi nitive estimates and proposed mechanisms for the relative contributions of root vs. residue C to SOM pools are still lacking.
Neither the mechanisms governing the accumulation of root vs. residue C nor the interactions between crop management and the fate of root vs. residue C (Campbell et al., 1991) are well understood. Increasing soil C storage within an ecosystem is possible with a readily available N source (Vitousek and Reiners, 1975; Melillo and Aber, 1982) ; therefore, it can be expected that cropping systems with higher soil N contents would display greater C processing and storage capacity than systems with lower soil N levels. More specifi cally, suffi cient available soil N could facilitate greater stabilization of recalcitrant C, such as that derived from root biomass, and thereby lead to higher relative accumulation of root C than residue C. Because microaggregates are potentially more important in long-term C sequestration than other aggregate fractions, it is essential to gain a better understanding of the impact of short-term microaggregate dynamics on long-term SOC sequestration. Hence, the main objective of this study was to elucidate the role of microaggregates in the accumulation of cover crop root-vs. residue-derived C across a gradient of long-term management systems. We tested the following hypotheses: (i) root C input contributes more to overall C stabilization than residue C across organic, low-input, and conventional cropping systems, (ii) root-and residue-derived C are preferentially stabilized in microaggregates compared with coarse POM and silt-and-clay particles within organic, low-input, and conventional systems, and (iii) the relative contribution of root-over residue-derived C to SOM is greater in organic than conventional and low-input systems.
MATERIALS AND METHODS

Experimental Site and Design
Th is study took place on the Long-Term Research on Agricultural Systems (LTRAS) plots at the Russell Ranch experimental site (Davis, CA; 38°32′24′′ N, 121°52′12′′ W), which is located in a region characterized by wet winters and hot, dry summers. Two soil types dominate the site: (i) Yolo silt loam (a fi ne-silty, mixed, superactive, nonacid, thermic Mollic Xerofl uvent) and (ii) Rincon silty clay loam (a fi ne, smectitic, thermic Mollic Haploxeralf ). Since 1993, the LTRAS plots at the Russell Ranch have been testing the sustainability of conventional and alternative crop management practices. Field experiments for this study were conducted during the 2006 maize growing season in three maize-tomato (Lycopersicum esculentum Mill.) cropping systems (n = 3): conventional (annual mineral N fertilizer applications), low-input (mineral N fertilizer applied in alternate years with cover crop N incorporated the years without mineral N fertilization), and organic (annual composted manure and cover crop additions) ( Table 1) . Th ese maizetomato cropping systems have been arranged in a completely randomized design with three 0.4-ha replicates, which receive furrow irrigation throughout the cash crop growing season. Maize was direct seeded into the conventional and then the low-input and organic plots in the second and fi nal weeks of May, respectively. Th e conventional system received 51 kg N ha −1 as N-P-K starter fertilizer and 170 kg N ha −1 as NH 4 NO 3 sidedressing, while composted manure was incorporated into the organic cropping system at a rate of ∼373 kg N ha −1 . Depending on the length and productivity of the cover crop growing season, approximately 100 to 150 kg N ha −1 of cover crop biomass was incorporated into the low-input and organic systems.
Cover Crop Carbon-13 Pulse Labeling
Hairy vetch seeds were broadcast within each of the cropping systems at the end of October 2005 (i.e., the start of the winter cover crop growing season). Shortly aft er germination, two microplots (1.0 by 1.0 m) were established in each cropping system replicate (3 cropping systems × 3 replicates × 2 microplots = 18 microplots). One of the two microplots in each system replicate was randomly chosen to receive 13 CO 2 pulse labeling at fi ve weekly events between 26 Mar. and 26 Apr.
2006. For the 13 C labeling, the selected microplot was enclosed in a portable chamber and pulse labeled with 13 CO 2 (99 atom %), for a cumulative total of 6.5 L microplot −1 . Th e portable 13 C-labeling chambers consisted of a vinyl sheet (TAP Plastics, Sacramento, CA) fi tted around a polyvinyl chloride frame (height adjustable), with excess vinyl that was fi xed against the contours of the soil surface to serve as a seal around the edges of the frame. During the 13 C-labeling procedure, 13 CO 2 was injected into the chambers to obtain a theoretical CO 2 concentration of 750 μL L −1 . Th e total CO 2 concentration within the labeling chamber was monitored using a portable infrared gas analyzer (Qubit CO 2 Analyzer, Model S-151, Qubit Systems, Kingston, ON, Canada) and the chamber was removed when the CO 2 levels in the chamber dropped below 250 μL L −1 (usually aft er 30-45 min). Th e 13 C-labeling events usually took place between 1100 and 1300 h. To maximize 13 CO 2 plant uptake, the labeling chambers were replaced over the experimental plots at sunset aft er each labeling event (?1700 h) to capture overnight 13 CO 2 respiration and then removed the following morning (?800 h) aft er CO 2 levels in the chamber dropped below 250 μL L −1 . Air temperatures in the chambers during 13 C labeling ranged from 25 to 30°C.
Estimation of Root and Residue Biomass and Carbon Contributions
In the fi nal week of April 2006, soil cores (4-cm diameter, 0-15-cm depth) were collected from both microplots in each cropping system replicate to determine the belowground standing biomass and the δ 13 C values (‰) of both 13 C-labeled and unlabeled roots. Field-moist soil was extracted from the cores (three per microplot) and large visible roots were immediately removed. Approximately 100 g of soil was subsampled from the soil core and suspended in ?200 mL of deionized water. Th e slurry was stirred by hand and the roots that separated from the soil were removed and placed in petri dishes on ice. Visual criteria, such as color and elasticity, were used to distinguish cover crop roots from the roots of other plants. Th e remainder of the core (?250 g of fi eldmoist soil) was subsampled and processed for roots in the same manner as above. Th e collected roots were rinsed under a gentle stream of deionized water to remove the soil and then dried at 50°C in paper envelopes. Th e root biomass was estimated to be 153 g m −2 . We acknowledge that our procedures likely excluded very fi ne roots and overlooked dynamic C contributions from root exudates and root turnover, and that, as a result, the total root-derived C inputs were probably underestimated.
Aft er collecting soil cores for root-C estimates, the aboveground biomass of each microplot was mowed, weighed to determine the standing biomass, and subsampled for elemental and isotopic C concentrations. Th e standing aboveground biomass in the microplots averaged 554 g m −2 and did not diff er from the biomass measured outside the microplots, thereby suggesting that the 13 C-labeling procedure did not aff ect the hairy vetch aboveground biomass yield. Subsequently, the residues of both microplots were cut to approximately 2-cm-long pieces and the 13 C-labeled aboveground biomass was rototilled to a depth of 15 cm in the unlabeled microplot within the same cropping system replicate (henceforth, referred to as the "residue microplot"), whereas the unlabeled aboveground biomass was incorporated in the same manner into the microplot with 13 C-labeled roots (the "root microplot") in the same cropping system replicate. Incorporation of the residues resulted in the chopping and mixing of the root biomass within the microplots.
Subsamples of the hairy vetch residue and root biomass were ground and analyzed for elemental C and N and isotopic C concentrations using a PDZ Europa ANCA-GSL isotope ratio mass spectrometer (Sercon, Crewe, UK). Th e results were expressed as [1] where 13 R = 13 C/ 12 C and the standard is Pee Dee belemnite.
Hairy vetch residue and roots were incorporated at rates of 2.33 and 0.44 Mg C ha −1 , respectively, with a root/residue biomass C ratio of 0.19. Th is ratio of standing root biomass to aboveground biomass is very similar to the 0.20 value reported by Puget and Drinkwater (2001) for hairy vetch. Th e C/N ratio for the root biomass (15.7 ± 0.5) was greater than that of the residue biomass (13.5 ± 0.6). Th e exchange of 13 C-labeled material among the residue and root microplots in each system led to the incorporation of 13 C-enriched residue (?290 ± 17‰) into the residue microplot and 13 C-labeled roots (?65 ± 8‰) into the root microplot, while natural abundance δ 13 C values for the unlabeled residue and root biomass were −29.6 ± 0.07 and −30.0 ± 0.05‰, respectively.
Soil Sample Collection
Before incorporation of the 13 C-enriched material, two soil cores (4-cm diameter; 0-15-cm depth) were collected from each cropping system replicate on 27 Oct. 2005 (T 0 sampling event), composited, and then subsampled for baseline δ 13 C values and total C concentrations. During the 2006 maize growing season, soil core samples were collected from both residue and root microplots within all cropping systems on 31 May (T 1 sampling event), 10 July (T 2 sampling event), 10 August (T 3 sampling event), and at harvest (13 September; T h sampling event). Upon returning to the laboratory, fi eld-moist soil samples were gently broken apart and subsamples were air dried for elemental and isotopic analyses (according to the method described above), while the remainder of the samples were stored at −20°C until fractionation. Bulk density was determined on an individual soil core basis. To extrapolate elemental and isotopic C values from a mass basis to a hectare basis, we used the minimum equivalent soil mass to correct for changes in bulk density (Ellert and Bettany, 1995) .
We acknowledge that because we did not collect soil samples immediately before the termination of the cover crop growing season, root exudates and other C input from rhizodeposition cannot be partitioned from C derived from root decomposition during the maize growing season in our estimates of root-C contributions to SOM. Rhizodeposition during the cover crop growing season can be a signifi cant contribution to SOM; Farrar et al. (2003) found that approximately 7 to 8% of the total photosynthetic C consists of exudates from active roots. In our study, C 1 1000 R R root-C estimates included both rhizodeposition and root decomposition, while residue-C estimates were comprised of residue decomposition.
Soil Aggregate Separation and Analyses
From each soil sample, 30-g subsamples were thawed for 20 min and then fractionated into three SOM fractions-CPOM (>250 μm), microaggregate (53-250 μm), and silt-and-clay (<53 μm)-according to the methodology outlined in Six et al. (2000) . Th awed soil samples were submerged in deionized water at room temperature for 5 min to slake the soil. Water-stable SOM fractions were obtained using a microaggregate isolator wherein the slaked soil was immersed in deionized water on top of a 250-μm mesh screen and gently shaken with 50 stainless steel beads (4-mm diameter) until only CPOM and sand were retained on the 250-μm mesh screen. During shaking, a continuous and steady stream of water fl owed through the device to ensure that microaggregates were immediately fl ushed onto a 53-μm sieve and were not exposed to any further disruption by the beads. Th e material on the 53-μm sieve was manually sieved by moving the sieve in an up-and-down motion 50 times during a 2-min period (Elliott, 1986) to separate waterstable microaggregates from silt-and-clay particles. All fractions were collected as separate soil suspensions, which were centrifuged at 5000 rpm for 15 min at 4°C (Sorvall RC-5C Plus Superspeed centrifuge, Th ermo Scientifi c, Waltham, MA). Th e supernatant was discarded and the remaining soil was lyophilized and stored at −20°C until elemental and isotopic C analysis.
For the whole soil and SOM fractions, the proportion (f) of soil C derived from either 13 C-labeled residue or 13 C-labeled root biomass was calculated as [2] where 13 C sample = δ 13 C for the residue or root microplot soil sample of interest, 13 C labeled material = δ 13 C for residue or root biomass, and 13 C natural abundance = δ 13 C of the equivalent soil sample taken at T 0 .
Total C concentrations for the measured variables were multiplied by f to obtain C new , the concentration of C derived from either 13 C-labeled residue or 13 C-labeled root biomass. Recoveries of above-or belowground hairy vetch biomass C in the SOM fractions were calculated as the ratio of the soil fraction C new to the total amount of 13 C label applied. Th e relative contribution of root C vs. residue C in the whole soil and SOM fractions was evaluated by calculating the ratio of root-derived C to residue-derived C (kg root C new ha −1 /kg residue C new ha −1 ) measured at T h .
Data and Statistical Analyses
Whole-soil and SOM-fraction C and C new measurements among the three cropping systems, within one sampling event, were analyzed using ANOVA by the PROC MIXED procedure of SAS (SAS Institute, 2002) . To compare diff erences in whole-soil and SOM fraction C and C new measurements among the fi ve soil sampling events for each cropping system, repeated measures analyses were performed using the PROC MIXED procedure. Th e data were analyzed as a split-plot, completely randomized design, with cropping system as the main-plot treatment, the source of 13 C (i.e., root or residue; C source) as the subplot treatment, and plot was included as a random factor. A standard variance components covariance structure was specifi ed with the TYPE = VC option in the model statement. Diff erences between means were calculated based on least signifi cant diff erence tests, with the PDIFF option of the LSMEANS statement. Letters for mean separation in PROC MIXED were assigned using the macro PDMIX 800 (Saxton, 1998) . All diff erences discussed were signifi cant at the P < 0.05 probability level unless otherwise stated.
RESULTS
Whole Soil and Soil Organic Matter Fraction Carbon Levels
Whole-soil C in the root and residue microplots did not change during the season and were not diff erent between C sources, yet soil C levels were diff erent among the cropping systems (Table 2 ). Because only one set of samples was collected at T 0 from each cropping system (before the establishment of the microplots and the incorporation of 13 C-enriched material), the data at T 0 (i.e., baseline values) for both the residue and root microplots are identical (Table 2) . Across the fi ve sampling events, soil C in the organic system (?14.80 Mg C ha −1 ) was greater than soil C in the conventional and low-input systems (?11.78 and ?11.10 Mg C ha −1 , respectively). Th ese diff erences in soil C among the cropping systems are consistent with our previous fi ndings for this site (Kong et al., 2005) and are an outcome of 13 yr of continuous crop management at the Russell Ranch rather than a direct result of the experimental manipulations of this study. Whole-soil C levels between the residue and root microplots were similar among the sampling events, indicating that our methods of exchanging 13 C-labeled residue and unlabeled residue among the microplots did not aff ect soil C levels.
A signifi cant four-way interaction of C source × cropping system × SOM fraction × sampling event was found (Table 2) . Generally, C concentrations were lowest in the CPOM fractions (?1.44 Mg C ha −1 ), intermediate in the microaggregates (?4.91 Mg C ha −1 ), and highest in the silt-and-clay fractions (?7.84 Mg C ha −1 ). In addition, trends in the amount of C within the SOM fractions of the three cropping systems refl ected the diff erences observed at the whole-soil level in that SOMfraction C levels were generally highest in the organic system and similar in the conventional and low-input system. Carbon in the CPOM and silt-and-clay fractions tended to increase, while microaggregate C decreased from T 0 to T 1 and T 2 , indicating a redistribution of C among the fractions during the fi rst half of the maize growing season. Fewer changes in SOM-fraction C were observed at T 3 and T h .
Residue and Root Carbon Contributions to Whole Soil and Soil Organic Matter Fractions
Both residue-and root-derived C (C new ) levels in the whole-soil samples among the cropping systems did not change consistently during the season, but a signifi cant C source × cropping system × sampling event interaction was observed (Fig. 1) . Whole-soil C new was highest at T h in the root microplots of the 13 13 sample natural abundance 13 13 labeled material natural abundance C C f C C organic system (402 kg C new ha −1 ), whereas whole-soil C new was greatest at T 2 in the low-input system for the residue treatment (350 kg C new ha −1 ). Root-derived C new concentrations in the whole soil were more than two times greater than residue-derived C new across the cropping systems and the fi ve sampling events ( Fig.  1) . At the end of the season, ?52% of the C contributions from the roots remained in the whole soil, whereas only ?4% of the residue C remained. Diff erences in crop management led to more diff erences within root-derived C levels than residue-derived C. Th at is, residue C new levels were similar among the three cropping systems (except at T 2 ), while root-derived C in the organic systems was lowest at T 0 , T 1 , and T 2 but highest at T h (Fig. 1) . Not surprisingly, more root-derived C new than residue-derived C new (98 and 51 kg C new ha −1 , respectively) was also found in the microaggregate and silt-and-clay fractions across all sampling events and cropping systems (Fig. 2) . A signifi cant C source × cropping -soil and soil organic matter (SOM) fraction C for the conventional, low-input, and organic cropping  systems at the T 0 , T 1 , T 2 , T 3 , and T h sampling events. For whole-soil C, values followed by a different uppercase letter within a C source (i.e., root or residue) and sampling event are signifi cantly different among cropping systems; SOM-fraction C values followed by a different lowercase letter are signifi cantly different between C source, cropping system, SOM fraction, and sampling event. Statistical signifi cance was determined at P < 0.05. system × sampling event interaction was found only in the microaggregate fraction, where SOM-fraction C new derived from root C of the low-input system was greatest at T 2 (149 kg C new ha −1 ). As for the CPOM and silt-and-clay fractions where there were signifi cant sampling event eff ects, we found the highest silt-and-clay C new concentration to be derived from roots at T 3 (159 kg C new ha −1 ) and C new concentrations for CPOM were generally highest at T 2 (130 C new ha −1 ) and decreased from T 3 (80 C new ha −1 ) to T h (34 C new ha −1 ; P < 0.1). Th e dynamic nature and high variability associated with the CPOM C new values probably precluded the ability to detect signifi cant diff erences between C sources and among the SOM fractions and cropping systems. By the end of the season (T h ), the cropping system had a significant eff ect on the relative retention of root C compared with residue C in the whole soil and SOM fractions (Fig. 3) . Th e ratio of root-derived to residue-derived C (the relative root contribution) was highest in the organic system (6.76), intermediate in the low-input system (3.24), and lowest in the conventional system (1.43) (P < 0.1; Fig. 3A) . Th is indicated that more C new in the organic system originated from root than residue C inputs compared with the other cropping systems. Trends in the relative retention of root to residue C within the SOM fractions also diff ered across the cropping systems. Th e ratio of root-derived to residue-derived C associated with the CPOM fraction (Fig. 3B) was highest in the organic system (7.53). Furthermore, root contributions to the silt-and-clay fraction in the organic system were 5.2 times that from residue contributions, while root contributions to the microaggregate fraction were merely double the residue contributions. In the conventional system, however, the relative retention of root C compared with residue C was similar between the microaggregate and the silt-and-clay fractions (3.13 and 4.14, respectively); whereas the ratio of root to residue C in the siltand-clay fraction (5.88) was double that of the microaggregates (2.81) in the low-input system. Also, the relative retention of root C compared with residue C was similar between the microaggregates of the low-input and conventional systems, but approximately fi ve times higher than that of the organic system (Fig. 3B) . Within the cropping systems, the ratios of root-derived to residue-derived C concentrations of the SOM fractions varied the most in the organic (from CPOM [7.53] to microaggregates [0.56]) and increased from the CPOM fraction to the microaggregates to the silt-and-clay fraction in the low-input system (Fig. 3B) .
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DISCUSSION Preferential Stabilization of Root vs. Residue Carbon Inputs
Although more than fi ve times more cover crop residue C than root C was incorporated into the conventional, low-input, and organic cropping systems, merely ?4% of residue C vs. ?52% of root C remained in the whole soil at T h . Th is was similar to the results of Puget and Drinkwater (2001) , who found ?50% recovery of hairy vetch root-derived C vs. only 13% recovery of hairy vetch shoot-derived C in the soil aft er one growing season. Th e data from our experiment showing that root C is preferentially stabilized in SOM compared with residue C agree with a study on maize by Balesdent and Balabane (1996) . Th ey reported that, although the aboveground (345 g C m −1 yr −1 ) input was nearly 3.3 times higher than the belowground input (152 g C m −1 yr −1 ), the latter contributed more to the SOM pool (57 g C m −1 yr −1 ) than the aboveground maize residues (36 g C m −1 yr −1 ).
To quantify the degree to which root vs. residue C contributes to SOM C, Rasse et al. (2005) estimated the relative contribution factor [expressed as (root-derived soil C/total root C input)/(shoot-derived soil C/total shoot C input)] for various in situ studies of diff erent root systems. Th ey reported a mean relative contribution factor of 2.4, while the relative contribution factor calculated from our whole-soil data was ?19. Without normalization for the respective C inputs, however, the ratio of root-derived C to residue-derived C in our study was 2.7 (averaged across the fi ve sampling events), which is similar to the relative contribution factor given in Rasse et al. (2005) . Th e shorter duration of our experiment may have restricted residue-C accumulation and favored belowground-C contributions (e.g., continuous root exudation, root turnover, and sloughed roots cells), and may have consequently led to a slightly higher relative contribution estimate than those reported in Rasse et al. (2005) . Assuming that the non-normalized ratio calculated for our study is more comparable to the relative contribution factor calculated by Rasse et al. (2005) , then our ratio showed that root-derived C was stabilized in SOM pools nearly three times more readily than residue-derived C. Our results suggested that, although C input quantity can play a major role in SOM stabilization (e.g., Larson et al., 1972; Rasmussen et al., 1980) , C source (i.e., roots vs. residues) also appears to signifi cantly infl uence SOM-C accumulation.
Distribution of Root and Residue Carbon among Soil Organic Matter Fractions
For our second hypothesis (i.e., root-and residue-derived C are preferentially stabilized in microaggregates within organic, low-input, and conventional cropping systems), we wanted to directly test whether microaggregates play a central role in the protection and stabilization of SOM, as other studies have shown (Six et al., 2000; Denef et al., 2004; Kong et al., 2005) . Although we found generally more root C than residue C preserved within the SOM fractions, root and residue C were not incorporated homogeneously across the SOM fractions. Th e smaller ratios of root-derived C to residue-derived C in the CPOM fractions compared with the microaggregate and silt-and-clay fractions of the conventional and low-input systems concur with the fi ndings of Besnard et al. (1996) , who observed that more root-like POM was preserved within aggregates than was retained in free POM; however, our fi nding of the greatest relative root contribution associated with the CPOM of the organic system contradicts that study. Our data only partially corroborates our hypothesis that root C is preferentially stabilized in the microaggregate fraction, in that the ratio of root to residue C in the microaggregate fraction was greater than in the CPOM fraction but not diff erent from the silt-and-clay fraction in the conventional system. Contrary to our hypothesis, root contributions to the microaggregate fraction in the organic system were the lowest of all the SOM fractions, and relative root retention in the low-input system was greater in the silt-and-clay fraction than in the other fractions.
Our data imply that diff erences in crop management contributed to diff erences in the distribution of root C vs. residue C among the SOM fractions in the organic system compared with the other two cropping systems. Because N additions and availability oft en stimulate C mineralization from accessible plant constituents (Fog, 1988; Recous et al., 1995; Henriksen and Breland, 1999) , higher rates of root and residue decomposition are expected in cropping systems with more available N. Although the organic system had the highest total soil N among the three systems, decomposition of the hairy vetch material and accumulation in SOM fractions may have been reduced or impeded in the organic system compared with the conventional and low-input systems because available N levels were probably insuffi cient. We found that, at all sampling events, NO 3 − -N levels in the organic system were similar to those of the conventional and low-input systems (data not shown). Slower decomposition of the root-derived material, coupled with the possibility that the organic system received more root inputs (e.g., sloughed cells and fi ne roots), may have led to the greater relative accumulation of root materials than residue in the CPOM fraction, which typically consists of partially decomposed plant residues and comprises one of the fi rst stages in the decomposition process between plant residues and humifi ed organic matter (Gregorich and Janzen, 1996) .
Mechanisms for Greater Root Carbon than Residue Carbon Stabilization
In their review, Rasse et al. (2005) attributed the greater retention of root-derived C than residue-derived C to: (i) the slower decay of roots than shoots, (ii) the continuous nature of root C inputs, and (iii) physical protection within soil aggregates. In our study, the roots, with a greater C/N ratio and potentially greater chemical recalcitrance, probably turned over more slowly in comparison to the residue biomass, thereby fulfi lling the fi rst requirement. Due to our sample scheme, we cannot directly address the second reasoning for the greater retention of root-derived C than residue-derived C in Rasse et al. (2005) : the continuous nature of root C inputs. Although root and residue biomass C input estimates were similar in magnitude, rhizodeposition was not quantifi ed in this work, and thus it may be that the greater relative contribution of root-derived vs. residue-derived C resulted in part from the assimilation of rhizodeposits (e.g., root exudates, mucilages, etc.) that were not directly measured as belowground C input.
Our data showing greater root C than residue C recovery in most SOM fractions across the cropping systems supported the third rationale in Rasse et al. (2005) for the greater retention of root-derived C than residue-derived C: physical protection within soil aggregates. Th e greater association of root-derived C with the microaggregate and silt-and-clay fractions in the lowinput and conventional systems supports the notion that aggregates aff ord greater physical protection to root C than to residue C; however, the higher ratio of root-derived to residue-derived C associated with the CPOM fraction in the organic system compared with the microaggregate and silt-and-clay fractions implies that greater root C than residue C accumulation is also possible in non-mineral-associated C fractions. In a study investigating whether C saturation defi cit and varying C input levels infl uence soil C stabilization in measurable soil fractions, Stewart et al. (2009) found that soils further from C saturation sequestered more added C in aggregate-protected pools (e.g., microaggregates), and those closer to their C saturation limit accumulated more residue-derived C in the unprotected pools (e.g., CPOM). Our data imply that there was a lack of C storage capacity in microaggregates of the organic system, which might have the smallest C saturation defi cit of the three cropping systems because it has the highest levels of soil C.
Crop Management Effects on Root vs. Residue Carbon Stabilization
We hypothesized that the relative contribution to SOM of root-to residue-derived C would be greater in organic than conventional and low-input systems. In our study, root and residue C contributed similarly to the C new of the conventional system (i.e., root/residue C ratio ? 1.4). Meanwhile, root contributions to the organic system were nearly seven times higher than residue contributions to C new and were the highest among the cropping systems. Th e trend of higher relative retention of root C vs. residue C in the organic than the conventional system refl ected the diff erences observed in long-term soil C among the systems (i.e., organic > low-input = conventional systems).
We propose two possible explanations for fi nding greater relative root C contributions in the organic system compared with the conventional and low-input systems. For the fi rst explanation, we infer that diff erences in the quality and quantity of N inputs to the cropping systems might have enhanced short-term accumulation of recalcitrant root C over high-quality residue C accumulation in comparison to the conventional and low-input cropping systems. Indeed, N inputs to the organic system were not only 1.7 times higher in mass than N inputs to the conven-tional system (280 kg N ha −1 ) but were also diff erent in quality (i.e., cover crop and composted manure N vs. fertilizer N). Th e other possible reasoning for the higher ratio of root-derived to residue-derived C in the organic compared with the conventional and low-input systems is that the diff erent C processing capacities of the microbial communities associated with the diff erent crop management strategies led to the observed diff erences. Many studies have identifi ed soil type, crop species, and crop management practices as major determinants of microbial community characteristics (e.g., Bossio et al., 1998; Marschner et al., 2001; Schutter et al., 2001 ). Th us, it is plausible that 13 yr of continuous cropping may have given rise to a microbial community in the organic system that has become conditioned for decomposing hairy vetch, particularly hairy vetch root C. Consequently, we propose that the diff erent qualities and quantities of long-term N inputs within diff erent management regimes engender microbial communities wherein both mineral fertilizers and organic amendments are utilized at diff erent rates, thereby infl uencing the relative contributions of root vs. residue C to SOM accumulation across diff erent cropping systems.
CONCLUSIONS
By the end of the season, ?52% of the root-derived C was still present in the soil, whereas only ?4% of residue-derived C remained, thereby showing clear diff erences in the fates of rootand residue-derived C. Th is supports both a nascent body of research that demonstrates a greater retention of root-derived C than residue-derived C in SOM, and our hypothesis that root C contributes more to C accumulation than residue-derived C across organic, low-input, and conventional cropping systems. Our second hypothesis that a majority of root-and residue-derived C would be preferentially stabilized in the microaggregate fractions within the three cropping systems was partially corroborated. A greater association of root-derived C than residue C was found for the microaggregate and silt-and-clay fractions in the conventional and low-input systems, respectively, but not in the organic system. Overall, the distribution of root and residue C input into the CPOM, microaggregate, and silt-and-clay fractions was diff erent among the diff erent cropping systems. Finally, our hypothesis that the relative contribution to stable SOM of root C compared with residue C would be greater in the organic than the conventional and low-input cropping systems was corroborated by the higher proportion of newly incorporated root C vs. residue C in the whole soil of the organic system and, specifi cally, in the CPOM fraction of the organic system. Th e latter mirrors long-term soil C accrual trends (i.e., organic > lowinput = conventional) and suggests that the disproportionately higher C sequestration observed for organic crop management was largely due to the increased accumulation of cover crop rootderived C, particularly the preferential accumulation of cover crop root C in the CPOM.
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